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现中国沿海的 A. affine 均不能生产麻痹性贝毒，而 A. tamarense 和 A. catenella 含
有麻痹性贝毒。有毒亚历山大藻的毒素组成均以低毒性的 N－磺酰氨甲酰基类毒
素 C2（约占总量的 60-70%）和膝沟藻毒素 GTX5（约占总量的 20-30%）为主，
此外还含有痕量的 C1，GTX1，GTX4，GTX3 和新石房蛤毒素 neoSTX 等。 
研究了不同生长期、不同温度、盐度以及营养盐条件下，三种产毒亚历山大






运用细胞同步化培养的方法，研究了一株塔玛亚历山大藻 A. tamarense CI01
不同细胞周期中细胞毒素含量与组成的变化，揭示毒素合成在细胞周期的 G1 期，
由光诱导合成，而在其他细胞周期则不合成毒素。比较分析单细胞 C1,2 毒素和
GTX2,3 毒素合成时间及速率，结合细胞中硫转运酶的作用，推测在 A. 
tamarenseCI01 中细胞首先合成膝沟藻毒素 GTX2,3，在硫转运酶的作用下，再进
一步转化为 C1,2 毒素。 
比较研究了不同毒素组成亚历山大藻中硫转运酶活性，结果表明，除在南海
筛选的一株产毒亚历山大藻 A. tamarense CI01 中检测到硫转运酶活性外，其他产














到硫转运酶活性，反映了毒素合成的多样性。在 A. tamarense CI01 中，硫转运酶
特异地作用于 GTX2,3 的 N-21 位点并将 GTX2,3转化为 C1,2，但不能将 STX 转化


















































Alexandrium is a widely spread genus throughout many regions of the world, 
many species within this genus are able to produce paralytic shellfish toxins (PSTs), a 
family of potent neurotoxins, which are the causative agents of paralytic shellfish 
poisoning. This study investigated paralytic shellfish poisoning toxins composition 
and toxin variability of the genus Alexandrium isolated from the Southeast China Sea, 
analyzed toxin variability during the cell cycle of the dinoflagellate A. tamarense 
CI01, detected sulfotransferase activity in Alexandrium strains with various toxin 
compositions and its characteristics, compared the protein profiles between toxic and 
none-toxic A. tamarense using proteomic and immunoproteomic approach and 
toxicity indicator proteins, the main results were as follows: 
PSP toxin composition profiles of the genus Alexandrium isolated from the 
Southeast China Sea were investigated and the results showed that six strains of A. 
affine were non-toxic, while the ten strains of A. tamarense and A. catenella were 
toxic. These toxic isolates grown in the same culture conditions consistently produced 
an unusually high proportion of the N-sulfocarbamoyl toxin C1,2 (around 70-80% of 
total toxins) and medium amounts of gonyautoxin GTX5 (around 20-30% of total) 
with only trace quantities (<5% of total) of other saxitoxin derivatives (i.e. GTX1, 
GTX3, GTX4 and neoSTX). The toxin composition of three A. tamarense isolates did 
not vary with the growth phases, although higher toxin contents (Qt, fmol cell-1) were 
found in the exponential phase. Variations in temperature, salinity and nutrient levels 
affected toxin content (Qt) of three A. tamarense isolates but they did not have 
pronounced effects on the toxin composition (mole %).  
Toxin content and composition of A. tamarense CI01 varied with the cell cycle, 
toxin biosynthesis was induced by light, and always occurred during a defined time 
frame within the G1 phase of the cell cycle. Analyzing toxin biosynthesis time and 
ratio of C1,2 and GTX2,3 toxin in cells, and combining the function of sulfotransferase 














was transferred to C1,2 with the action of sulfotransferase.  
Compared the sulfotransferase activity in Alexnadrium strains with various toxin 
compositions showed that sulfotransferase activity was only detected in one 
Alexandrium strain, A. ramarense CI01, and not found in other Alexandrium strains 
even in those strains with the similar toxin composition to A. tamarense CI01. The 
sulfotransferase in A. tamarense CI01 was able to transfer a sulfate group from 
3’-phosphoadenosine-5’-phosphosulfate (PAPS) to N-21 of the carbamoyl group of 
GTX2,3 to produce C1,2. The results from the effects of reaction time, temperatures, pH, 
cations and sulfate donor on sulfotransferase activity showed that the crude enzyme 
was optimally active at 15°C and pH6.0, sulfotransferase activity showed no 
difference when reaction time exceeded one hour, DMSO, PAPS, MgSO4 could be 
used as a supplementing sulfate donor, suggesting that the enzyme was not specific to 
the sulfate donor. Moreover, the enzyme activity was enhanced by addition of Mg2+, 
Co2+, Mn2+ and Ca2+. 
The results from proteomic and immunoproteomic studies between toxic and 
none-toxic Alexandrium strains demonstrated that toxicity indicator proteins existed 
in PSP-producing Alexandrium strains and other PSP-producing dinoflagellates but 
not in none PSP-producing Alexandrium strains, which showed species specific and 
could be used as an biomarker in PSP-producing dinoflagellates. During the whole 
growth phase, the expression of T1 protein was correlated with toxin content variation, 
which indicated that T1 protein might be involved in the regulation of toxin 
biosynthesis. Moreover, the expression of T1 was regulated by phosphor status of 
cells.  
Key words: Alexandrium; paralytic shellfish poisoning; toxin production physiology; 

































将这些毒素分为麻痹性贝毒(Paralytic Shellfish Poisoning, PSP)、腹泻性贝毒
(Diarrhetic Shellfish Poisoning, DSP)、记忆缺失性贝毒(Amnesic Shellfish Poisoning, 


























    人们 初认为 PSP 毒素来自贝类，1927 年美国加州金门贻贝中毒事件发生
后，Sommer et al.（1937a, 1937b）研究认为 PSP 毒素是由链状膝沟藻
（Goniodomataceae. catenella）产生的，此后又在多种甲藻中发现 PSP 毒素。目
前为止，能够产生 PSP 毒素的藻类主要集中在甲藻，如 Alexandrium acatenella, 
Alexandrium catenella, Alexandrium cohorticula, Alexandrium fundyense, 
Alexandrium hiranoi, Alexandrium lusitanicum, Alexandrium minutum, Alexandrium  
monilaturn, Alexandrium ostenfeldii, Alexandrium tamarense, Pryodinium bahamense 
var. compressurn, Gonyaulax polyedra, Gymnodinium catenatum（Steidinger, 1993），
此外，在红藻 Jania sp.（Kotaki et al., 1983），蓝藻 Aphanizomenon flos-aquae, 
Anabaena circinalis（Mahmood et al., 1986; Carmichael et al., 1993）以及细菌
Pseudomonas stutzeri, Pseudomonas/Alteromonast sp., Bacillus sp.（Kodama et al., 
1988; Ogata, 1990; Franca et al., 1995）中都发现了 PSP 毒素，近几年在淡水蓝藻
Cylindrospermopsis raciborskii（Lagos et al., 1999），Lyngbya wollei（Onodera et al., 






养物抑制藻类生长，甚至可以分泌物质裂解藻细胞（Yoshinaga et al., 1995; 
Docucette et al., 1998），而藻类也能够合成抑制细菌生长的类抗生素物质（Ohta et 
al., 1993）。 
目前关于毒素来源问题现已形成两种不同的观点：一种观点认为是有毒藻产
生 PSP 毒素。Sako et al.（1992; 1995）和 Ishida et al.（1998）的研究表明，在两


















（Dantzer et al., 1997; Bocazr et al., 1988; David et al., 2004）。另一种观点则认为
PSP 毒素是由细菌产生的。早在 1982 年，Silva 就提出了甲藻内共生细菌产毒的
假说，但一直没有确切的细菌产毒的证据。直到 1988 年，Kodama 等才首次从
一株高毒的 Alexandrium tamarense 中分离到一株产毒细菌，它可以在独立培养的
条件下产生麻痹性贝毒，但产量相对较低（Kodama et al., 1988）。后面陆续有学



















图 1.1  麻痹性贝毒的结构 
Fig 1.1  Structure of paralytic shellfish poisoning toxin 
 
麻痹性毒素是一类四氢嘌呤的衍生物(图 1.1)。现在已经发现的毒素有 20 
余种,根据 R4 基团的不同可以分为四类，分别是氨基甲酸酯类毒素（Carbamate 
toxins）,包括石房蛤毒素（STX），新石房蛤毒素（neoSTX）和膝沟藻毒素 1-4
（GTX1-4）；N－磺酰氨甲酰基类毒素（N-sulfocarbamoyl toxins）,包括 B1-2 和



































dcGTX1-4；脱氧脱氨甲酰基类毒素(deoxydecarbamoyl toxins)，包括 doSTX 和
doGTX2-3。近年来在蟹 Zosimus aeneus 中检出了石房蛤毒素和新石房蛤毒素的
N-羟基衍生物(N-hydroxycarbamoyl derivatives)hySTX 和 hyneoSTX（见表 1.1）。 
 
表1.1  PSP毒素种类与名称(R1、R2、R3、R4为图1.1中四个取代基) 
Tab 1.1  The types and names of PSP toxin (R1,R2,R3,R4 represent four 



































高；N－磺酰氨甲酰基类毒素（N-sulfocarbamoyl toxins）毒性 低。 
 
表 1.2  麻痹性贝毒毒素的毒性 








STX 2100 378 100 299.3 
neoSTX 2300 414 110 315.3 
GTX1 1900 342 90 411.3 
GTX2 1000 180 48 395.3 
GTX3 1600 288 76 395.3 
GTX4 1900 342 90 411.3 
dcSTX 900 162 43 256 
dcneoSTX 900 162 43 272 
dcGTX1 50 171 45 368 
dcGTX2 380 68 18 352 
dcGTX3 380 68 18 352 
dcGTX4 950 171 45 368 
GTX5(B1) 150 27 7 379.3 
GTX6(B2) 150 27 7 395.3 
C1 17 ＜1 ＜1 491.3 
C2 258 47 13 475.4 
C3 － － － 475.4 
































  生物检测法主要包括小鼠法、免疫检测技术法、细胞毒性检测法等。 
1.1.3.1.1 小鼠法 
    小鼠法是早期建立的检测PSP毒素的方法，经过不断的完善是目前已被普遍
接受的PSP毒素检测方法。Sommer和Meyer（Sommer et al., 1937）首次描述了小
鼠腹腔注射毒素后毒素浓度和死亡时间之间的对数关系。此方法后经多次修改完







    其基本原理是用毒素诱发免疫反应产生抗体，利用抗体对抗原的特异性识别
来对毒素进行检测。自上世纪六十年代研究人员就尝试生产相应的毒素抗体，但
直到九十年代初，才有人使用STX多克隆抗体建立了酶联免疫（ELISA）方法检
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